Abstract: The paper presents the results of a study on the corrosion behaviour of copper (EN CW004A) in five possible phase change materials (PCMs): magnesium nitrate hexahydrate pure and with an addition of Mg(OH) 2 (0.5 wt. %) or Sr(OH) 2 (0.5 wt. %) at 90 °C, calcium nitrate tetrahydrate at 50 °C and a mixture of magnesium nitrate hexahydrate and calcium nitrate tetrahydrate (1:1 mass ratio) at 72 °C. The corrosion rate of copper samples is low except for the use of Mg(NO 3 ) 2 ·6H 2 O with/without an addition of Mg(OH) 2 . The lowest corrosion rate was observed for the mixture Mg(NO 3 ) 2 ·6H 2 O-Ca(NO 3 ) 2 ·4H 2 O (1:1), and it was ca six times lower than that of pure magnesium nitrate hexahydrate.
Introduction
The lack of fossil fuels and their negative impact on the environment has led to the search of alternative options in recent years. One of such options is the use of solar energy to generate heat. A significant drawback of sunlight use lies in its varying intensity and accumulation of such generated energy. Therefore it is necessary to store the energy obtained. Over the past decades, substances able to store heat in the phase change have been extensively studied. These substances are called phase change mate rials (PCMs) and their ability to accumulate heat is significantly higher than that of substances utilising sensible heat. An important feature of these compounds is that they accept or deliver heat at a constant temperature. This property has found application in a number of applications where it is necessary to stabilise temperature. PCMs can be widely applied in solar energy utilisation, heat exchangers, building energy-saving, electric peakshaving, textile industry etc. (Sari et al., 2010; Lin et al., 2007; Alvas et al., 2006; Medrano et al., 2009; Mondal 2008) . Suitable thermal, physical and chemical properties are the selection criteria of PCM and they differ considering the type of application. For example, the storage of low potential heat from solar collectors requires PCMs melting at a slightly higher temperature to which tap water is heated (domestic hot water). Important physical properties of PCMs include: (i) phase transition temperature; (ii) sufficiently high phase transition enthalpy; and (iii) the number of phase transition cycles of storage media required for the system. No supercooling and good thermal conductivity are also required. Continuous melting and solidification can lead to the degradation of the PCMs' chemical composition and it is highly desirable that the materials maintain their chemical stability even after long periods of application. PCMs should not react with the construction materials due to process safety and, for the same reason, they should not be flammable, explosive, toxic or otherwise damaging to the environment. Considering an optimal material for the chosen PCM application, all the mentioned properties should be taken into account (Mehling at al., 2008; Sharma et al., 2009) . Salt hydrates are the most important group of PCMs due to their high latent heat of fusion, higher thermal conductivity (Khan et al., 2016) and lower price compared to paraffins (Khudhair et al., 2004) . One of the main problems preventing the use of hydrates in heat storage systems is the phase segregation due to incongruent melting caused by the density difference between the formed liquid solution and the dehydrated salt. This results in poor crystallisation and sedimentation of separate components and the reduction of the active volume of heat stored or other serious technical problems in practical applications. Another disadvantage is that salt hydrates may have significant supercooling and corrosive effects on the metallic components of the storage device. Corrosion of metallic materials in nitrate hydrates has been studied only in a few papers (Cabeza et al., 2001a; Cabeza et al., 2001b; Nagano et al., 2004; Moreno et al., 2014) . Cabeza et al. (2001a) ; aluminium is the only metal that was not corrosively affected by the salt. Moreno et al. (2014) studied the corrosive properties of several PCMs, zinc nitrate tetrahydrate among them. Four materials were tested: copper, stainless steel 316, carbon steel and aluminium. Each metal was examined after 1, 4 and 12 weeks to determine the corrosion rate, and to examine salt precipitation and bubbles formation. The results showed that the only metal studied compatible with the zinc nitrate tetrahydrate is stainless steel. Copper, aluminium and carbon steel suffered strong corrosion losses after 12 weeks of contact. As it can be seen, the corrosion behaviour results obtained for selected metals in nitrate hydrates are often contradictory. In this work, corrosion of copper tubes used in heat exchangers was studied in several heat storage media: magnesium nitrate hexahydrate pure and with an addition of Mg(OH) 2 (0.5 wt. %) or Sr(OH) 2 (0.5 wt. %) at 90 °C; calcium nitrate tetrahydrate at 50 °C and a mixture of magnesium nitrate hexahydrate and calcium nitrate tetrahydrate (1:1) at 72 °C. Mg(OH) 2 and Sr(OH) 2 were chosen as additives to stabilize the supercooling of magnesium nitrate tetrahydrate (Pilař et al., 2015) . Elemental analysis of copper tube composition corresponds to copper EN CW004A.
Experimental
Two parallel copper tubes (outer diameter: 10.0 mm; inner diameter: 8.2 mm; height: 10 mm) were immersed into sealed 400 ml flasks. The flasks were imbedded in a water bath preheated to the chosen temperature: (i) tures and pH of the liquid phase are summarised in Table 1 . During the experiment, the temperature regime simulating cooling / heating was used (Fig.  1) . The medium was cooled to 20 °C in a determined time range, which ensured the solidification of the media. To ensure the solidification of the calcium nitrate tetrahydrate media, an ultrasound device (Tesla, UCA 20613; 20 kHz) was used. Total time of the experiments was 1179 hours from which the medium was in the liquid state for 664 hours. The weight losses were measured for ca half an hour before the cooling. The copper samples were quickly taken from the flask, flushed with deionised water and dried at 80 °C for 30 minutes, weighed with the accuracy of 0.00001 g and returned to the medium. After the experiment, the samples were treated as described above and analysed by XRD (STOE P, Bruker) and SEM (Carl Zeiss EVO 40, Germany). Then, the corrosion products were removed according to ISO 8407 using sulphuric acid at 25 °C. The copper samples were immersed in the solution for 3 minutes, flushed with deionised water, dried at 80 °C for 30 minutes and weighed to obtain the final weight for the total corrosion loss calculation.
Results and discussion
A visually visible layer of corrosion products was observed in all studied media. XRD records of corrosion products are shown in Fig. 2 copper samples in the Mg(NO 3 ) 2 medium slightly increased at the beginning of the test and then remained approximately constant (Fig. 3) . When magnesium hydroxide was added to the PCM, the weight of the sample markedly decreased during the first 700 hours of the corrosion test and then remained approximately constant. On the other hand, when strontium hydroxide was added, the weight of the sample markedly increased during the first 300 hours of the corrosion test and then remained approximately constant. Such behaviour is visible also on the surface of the samples (Fig. 5a-5c) . Morphology of the corrosion layer in magnesium nitrate hexahydrate with/without magnesium hydroxide is typical for a layer in which corrosion products are partially dissolved in the medium (Fig.  5a, 5b ). When strontium hydroxide was added, the layer was more compact. Differences in the morphology of the corrosion products layer are more visible in Fig. 6 . In case of Sr(OH) 2 , a compact layer can be seen (Fig. 6c) . Formation of the corrosion product Cu 2 (NO 3 )(OH) 3 observed by XRD (Fig. 2) can explain these differences. Cross-sections of the corrosion layer are shown in Fig. 7 . Surface of the copper substrate was rough and the corrosion layer was visible in the Mg(NO 3 ) 2 medium (Fig. 7a) . The 
layer was ca 40 μm thick and cracked. Surprisingly, when Mg(OH) 2 was added to the PCM, no corrosion layer was visible (Fig. 7b) , which is in contradiction to the SEM observations of the surface and XRD of the corrosion products. When Sr(OH) 2 was added to the medium, a ca 30 μm thick homogenous corrosion products layer was formed on the surface of the sample (Fig 7c) . Based on the SEM observations of the surface and the cross-section of the copper sample, it can be concluded that the layer is compact and forms a barrier preventing the contact with the solution, which is in agreement with calculated corrosion rates (Table 2 ). The weight of the copper samples in the mixture of Mg(NO 3 ) 2 -Ca(NO 3 ) 2 remained approximately constant during the corrosion test. It seems that no layer of the corrosion products is formed in the Mg(NO 3 ) 2 -Ca(NO 3 ) 2 medium (Fig. 5d ). However, a closer examination of the sample surface revealed that a thin compact layer was formed (Fig. 6d) , which did not cover the whole surface of the sample as it follows from Fig. 7d . The surface of the copper substrate was smooth without any significant corrosion layer, which is in accordance with the calculated corrosion rate (Table 2) . When pure calcium nitrate tetrahydrate was used as the PCM, the weight of the sample decreased during the first 300 hours of the corrosion test and then markedly increased (Fig. 4) . A non-compact layer of corrosion products was formed on the surface of the copper substrate (Figs. 5e, 6e ). From the crosssection it can be seen that the loss of material affects the surface to the depth of 20 μm (Fig. 7e) . After the corrosion tests, corrosion products were removed according to ISO 8407 and the corrosion rate was calculated considering the time the sample spent in the molten medium. The results obtained are presented in Table 2 . It can be seen that the corrosion rate of copper is quite high in the magnesium nitrate hexahydrate with/without an addition of Mg(OH) 2 . When using mixture Mg(NO 3 ) 2 ·6H 2 OCa(NO 3 ) 2 ·4H 2 O (1:1), the corrosion rate was ca six times lower. It seems that the corrosion of copper is more inhibited in this mixture and copper can be used as a construction material for long term applications using this mixture. The corrosion rate in calcium nitrate tetrahydrate is about two times lower than in the magnesium nitrate hexahydrate. The behaviour of copper in both cases is different and it should be noted that pH values of the liquid phases differ. A guide for corrosion weight loss used in the industry can be found in literature Cabeza et al., 2003; Davis 2000) , it follows that copper EN CW004A can be used for long term applications. However, the corrosion rate of copper in magnesium nitrate hexahydrate with/without an addition of magnesium hydroxide is close to the value of 10 mg cm -2 year -1
, at such a value caution for long term applications is recommended. Nagano et al. (2004) showed that strong copper corrosion in magnesium nitrate hexahydrate with the addition of magnesium chloride hexahydrate (10 %). The corrosion rate presented in this work is significantly lower; however, no chlorides were present in the studied PCMs.
Conclusions
In this study, corrosion of copper EN CW004A was studied in the following assumed PCMs: magnesium nitrate hexahydrate pure and with an addition of Mg(OH) 2 (0.5 wt. %) or Sr(OH) 2 (0.5 wt. %) at 90 °C; calcium nitrate tetrahydrate at 50 °C and a mixture of magnesium nitrate hexahydrate and calcium nitrate tetrahydrate (1:1) at 72 °C. Mg(OH) 2 and Sr(OH) 2 were chosen as additives stabilising the supercooling of magnesium nitrate tetrahydrate (Pilař et al., 2015) . From the corrosion tests results follows that the corrosion rate is the lowest when mixture Mg(NO 3 ) 2 ·6H 2 O-Ca(NO 3 ) 2 ·4H 2 O (1:1) was used. Copper can be used for long term applications in this mixture. When magnesium nitrate hexahydrate pure and with an addition of Mg(OH) 2 (0.5 wt. %) were used as the PCM, caution concerning long term applications is recommended. 
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